Introduction
[2] The gas tori at Jupiter and Saturn are fundamentally different. At Jupiter the $ 1 ton/s of neutral gas delivered to Jupiter's inner magnetosphere is ionized to form a plasma torus. At Saturn, Enceladus is the source of up to 300 kg/s of neutral H 2 O; however, little ionization occurs at Saturn and the system is dominated by neutral gas. Delamere et al. [2007] showed that the key factor determining whether a system is neutral or plasma dominated is the energy input via ion pickup, or the energy imparted to new ions as they are accelerated from Keplerian to corotational velocities. The slower pickup velocity at Enceladus (v pu = 26 km/s) generates pickup ions with energies $4Â lower than at Io (v pu = 57 km/s). The ion energy reservoir is critical for maintaining the thermal electron population at a temperature that is sufficient to generate significant ionization (e.g. >4 eV). In this paper we discuss another source of energy and ionization in the form of super-thermal electrons (e.g. 100s eV). While the relative abundance of high-energy (hereafter referred to as ''hot'') electrons is similar in both systems, we find that the role of the hot electrons is also fundamentally different in these two systems.
[3] Shemansky [1988] noted that the ion pickup energy alone cannot supply the Io plasma torus with enough energy to support the observed ion abundance ratio (n e /Sn i $1.5). In addition, Smith and Strobel [1985] noted that the observed $1 TW of UV and EUV radiation could not be sustained without an additional ''non-local'' energy input. This ''energy crisis'' was resolved by including a super thermal electron energy input into numerous torus models (e.g., see models by Shemansky [1988] , Barbosa [1994] , Schreier et al. [1998] , Lichtenberg et al. [2001] , and Delamere and Bagenal [2003] ). Observationally, the existence of a hot component in the electron distribution function is supported by in situ measurements by Voyager [Sittler and Strobel, 1987] , Galileo [Frank and Paterson, 2000] , and Cassini [Young et al., 2005] . Analysis of the Ulysses URAP observations at Jupiter further showed that the electron distribution resembles of kappa distribution [Meyer-Vernet et al., 1995] , but most models simplify the kappa distribution as the sum of two Maxwellians consisting of the thermal core (few eV) and the hot component (10s to 100s eV and roughly 0.2% of the total electron density).
[4] While the ''energy crisis'' of the Io plasma torus was solved by including an ad hoc energy source, there still persists the question of how the hot electrons are generated. We assume that the energy is extracted from the planet's rotation via the field-aligned currents that couple the magnetospheric plasma to the planetary ionosphere. Frank and Paterson [2000] reported observations of field-aligned electron beams acquired by the Galileo spacecraft between Jovicentric radial distances of 5.6 to 7.8 R J . The beams are associated with radial and azimuthal fluctuations in plasma flow, consistent with the location of field-aligned currents. The average energy of the electron beams ranged between tens of eV to a few keV with fluxes parallel to the magnetic field $10 8 cm À2 s À1 . It is plausible that these field-aligned electron beams can provide the required power input to the torus ($1 TW) if we assume an average electron energy of 300 eV with the beams covering 10% of the torus area perpendicular to the magnetic field (defined in our homogeneous torus model in section 4).
[5] In this paper, we explore the role of hot electrons at Jupiter and Saturn using our homogeneous physical chemistry model [Delamere and Bagenal, 2003] . We find that at Jupiter the hot electron energy input is critical for maintaining the $1 TW of UV radiation. At Saturn resonant charge exchange is the dominant energy input while the hot electrons provide most of the ionization near Enceladus where the thermal electron population is too cold ($2 eV) to ionize the neutral water products ejected by the moon. The key implication for hot electron-driven ionization at Saturn is that any azimuthal variation in hot electron abundance will lead to azimuthal variations in plasma density. This could explain the factor-of-two variations in electron density in Saturn's plasma disk reported by Gurnett et al. [2007] , though the underlying cause of a longitudinal modulation of hot electrons remains unknown.
Azimuthal Variations in Hot Electron
Abundance at Jupiter
[6] During the Cassini spacecraft's flyby of Jupiter a rich data set of the Io plasma torus was obtained by the Ultraviolet Imaging Spectrograph (UVIS) [Steffl et al., 2004b] . Intriguing features of the plasma torus were the significant azimuthal variations in torus composition reported by Steffl et al. [2006] . UVIS observed a persistent azimuthal asymmetry in plasma composition, electron temperature, and equatorial electron column density throughout the observing period. Perhaps the most significant observation was the nearly-sinusoidal azimuthal variation of S + and S +++ mixing ratios (i.e. ratio of ion to electron density) that peaked 180°out of phase with each other. These peaks in composition were also observed to drift relative to magnetic longitude (System III) at a rate of 12.5°per day. Steffl et al. [2007] referred to this drift as the System IV period though it was 1.3% shorter than the previously-reported System IV period [Sandel and Dessler, 1988; Brown, 1995] . The amplitude of the S +++ variation reached a maximum (S + minimum) when the peak S +++ mixing ratio was located at a System III longitude of roughly 210°.
[7] The anti correlation between the S + and S +++ mixing ratios (leaving S ++ constant) has been seen in our previous models of temporal variability in the Io plasma torus [Delamere et al., 2004] . We found that to model the observed 25% decrease in torus emissions during the first month of Cassini UVIS observations, a significant increase in the neutral source rate ($3Â) was required in our homogeneous model. The net result was a significant decrease in the S +++ mixing ratio due to charge exchange losses with neutral oxygen, and an increase in the S + mixing ratio due to enhanced ionization. The equilibration time scale for the various chemical pathways (i.e. ionization and charge exchange) that determine the sulfur composition is roughly 10-40 days.
[8] In terms of longitudinal variations in sulfur composition, the various chemical pathways and radial transport must compete with the longitudinal mixing time scale due to subcorotation of the plasma. Subcorotation near Io of roughly 3 -4 km/s was reported by Brown [1994] and Thomas et al. [2001] . The time scale for the plasma to drift through System III at 3.5 km/s is roughly 10-20 days, or comparable to chemical equilibration time scales. Furthermore, the azimuthal shear inferred from the radial corotational lag profiles of Brown [1994] suggests that the plasma will be thoroughly mixed during outward radial transport which also has a competing time scale of 10s of days. Therefore, Steffl et al. [2007] found that the only likely mechanism to maintain a coherent azimuthal variation in composition that is independent of radial distance was with two hot electron populations which can affect composition on time scales of a few days. The first population was fixed in System III with a peak abundance located at 210°and with an amplitude of 0.4f eh , where f eh is the hot electron fraction. The second population was allowed to drift with respect to System III at the so-called System IV drift rate with an amplitude of 0.5 f eh . Steffl et al. [2007] referred to this solution as the ''modulated subcorotating hot electron model'' and they obtained a very good fit to the observed azimuthal variations throughout the Cassini observing period.
[9] It has been suggested by Dessler [1985] that the System IV periodicity may be caused by a secondary, high-latitude component of Jupiter's magnetic field that lags corotation. On the other hand, Rego et al. [1999] and Stallard et al. [2001] suggest that the system IV periodicity is related to either an underlying flow in Jupiter's ionosphere, or to the coupling between the ionosphere and the corotating neutral atmosphere. In any case, we feel that the Cassini UVIS data together with the modeling of Steffl et al.
[2007] make a strong case for azimuthal variations in hot electrons at Jupiter.
Observations of Azimuthal Variations at Saturn
[10] Figure 1 is from Gurnett et al. [2007] . Figure 1c shows the averaged total electron density varying between 40 and 90 cm
À3
. In addition, Figure 1b shows variations in the azimuthal component of the magnetic field and Figure 1a shows the Saturn kilometric radiation (SKR) intensity vs. longitude of the sun. Gurnett et al. [2007] infers that the SKR modulation has its origins in the plasma disk. Their explanation for the density modulation in the inner region of the plasma disk was motivated by the two-cell convection pattern of Dessler and Vasyliunas [1979] . The basic idea is that, fixed in magnetic coordinates, the plasma convects though Enceladus' neutral gas torus, flows outward to larger radial distances and returns inward again in a two-cell convection pattern. During the convection through the neutral cloud, mass is added to the closed streamlines and the plasma density increases [see Gurnett et al., 2007, Figure 4 ].
[11] We are motivated by the inferred azimuthally varying hot electron population at Jupiter to consider the same possibility at Saturn. Based on our preliminary studies for mass and energy flow at Saturn , it appears that most of the ionization is generated by hot electrons.
Model for the Flow of Mass and Energy
[12] Building on the models for mass and energy flow at Jupiter and Saturn [Delamere and Bagenal, 2003; Steffl et al., 2007; Delamere et al., 2007] we have developed an azimuthal model that includes 24 longitudinal bins fixed in magnetic coordinates (i.e. System III). Each bin contains a full one-box model described by Delamere and Bagenal [2003] that uses the following input parameters: neutral source rate (S n ), O/S source ratio (O/S), plasma transport loss (t), hot electron fraction (f eh ), and hot electron temperature (T eh ). Plasma is allowed to drift between longitudinal bins to account for corotational lag of the plasma. Details of this azimuthal model are given by Steffl et al. [2007] .
[13] We have simplified the chemistry at Saturn to only include oxygen. The primary reactions are electron impact ionization, resonant change exchange, and electron impact excitation of ions and neutrals. While this is a tremendous simplification of the complete water group chemistry, we feel that it serves our illustrative purposes quite well. For instance, the addition of the full water group chemistry will introduce an additional plasma sink through dissociative recombination of the molecular ions where the neutral products will escape from the system at roughly the corotation velocity. Therefore, our O-based chemistry likely represents a lower limit for the neutral/ion ratio. We have improved our radiative rate coefficients for electron impact excitation of neutral oxygen compared to the values used by Delamere et al. [2007] . We now use rate coefficients as a function of temperature based on cross sections obtained from D. Strobel (personal communication, 2007) . The new rate coefficients change our previous results slightly, increasing the thermal electron temperature to 2.2 eV. But the general results are still valid.
[14] To test our hypothesis that azimuthally varying hot electrons determine electron density at Saturn we use our azimuthal model to investigate the sensitivity of electron density to a longitudinally-dependent hot electron fraction. Table 1 gives the model input parameters. We use upper limits for the Enceladus case favoring conditions for generating plasma. For instance, Jurac and Richardson [2005] report a neutral source rate of 8 Â 10 27 s À1 for Enceladus and the E ring. This is the upper limit with respect to other values found in the literature (see summary given by Johnson et al. [2006] ). The one-box volume selected for Enceladus is comparable to our one-box volume for the Io plasma torus, or V = 2 Â 10 31 cm 3 [Delamere and Bagenal, 2003] . Johnson et al. [2006] discuss a narrow Enceladus H 2 O torus between 3 and 5 R S . This toroidal volume is roughly equal to our Jupiter one-box volume which is constrained by total UV emissions from the torus. Together these parameters give a neutral source rate at Io of 4.0 Â 10 À4 (cm À3 s À1 ), slightly less than our best fit S,O-based torus model for the Cassini era. We feel that this volumetric source rate is likely to be an upper limit for Saturn.
[15] The hot electron fraction and temperature are also constrained by Voyager and Cassini measurements. Our model results for Jupiter during the Cassini era gave f eh = 0.3% and T eh = 40 eV. We have selected f eh = 0.3% as an upper limit for Saturn. Richardson and Sittler [1990] used a hot electron fraction of <0.2%, assuming an electron density at Enceladus of 100 cm À3 and a hot electron density of <0.2 cm
À3
. Again, we feel that 0.3% is a reasonable upper limit resulting in the maximum plasma generation. We use T eh = 1000 eV at Enceladus based on Cassini CAPS measurements [Young et al., 2005] , and we note that the Figure 1 . Longitudinal variations at Saturn [Gurnett et al., 2007] . Based on best fit to Cassini UVIS observations of the Io plasma torus [Steffl et al., 2004b; Delamere and Bagenal, 2003] .
b The volumetric neutral source assumes an effective uniform torus volume of 2 Â 10 31 cm 3 and a total neutral source rate of 8 Â 10 27 s À1 for the O-based chemistry and 1.7 Â 10 28 s À1 for the S,O-based chemistry. c Hot electron temperature of 1000 eV based on Cassini CAPS measurements [Young et al., 2005] results are not sensitive to the hot electron temperature above $70 eV. At Jupiter, the hot electron fraction increases with radius [Sittler and Strobel, 1987; Steffl et al., 2004a ], but we find that the global-scale properties of the Io torus are largely determined by chemistry in a small radial interval close to Io (i.e. 5.9-6.5 R J ). The radially increasing hot electron fraction simply alters the ionization state of the plasma [Delamere et al., 2005] . A similar trend appears at Saturn in the Voyager observations [Richardson and Sittler, 1990] and in the Cassini CAPS measurements [Young et al., 2005] . From our experience at Jupiter we infer that it is only the hot electron fraction close to Enceladus that is relevant in determining the large-scale properties of neutral/plasma tori at Saturn.
[16] Time scales for radial transport are derived from model diffusion coefficients of Jurac and Richardson [2005] for Saturn and Delamere et al. [2005] for Jupiter. Both models give comparable diffusion time scales. We have selected a transport loss time scale of 45 days for both Saturn and Jupiter.
Results and Discussion
[17] The results for our baseline Jupiter/Saturn comparison are presented in Table 1 . The Saturn case is neutral dominated with a thermal electron temperature of 2.2 eV and the Jupiter case is plasma dominated with a thermal electron temperature of 4.8 eV. We note that the ionization rate coefficients vary by roughly 2 orders of magnitude as a function of electron temperature between 2 and 5 eV, so it is not surprising that the neutral/ion ratios differ by 3 orders of magnitude for these nominal Saturn and Jupiter cases due to the non-linear feedback discussed by Delamere et al. [2007] . In this study we show that ionization at Saturn is dominated by the hot electrons while at Jupiter the hot electrons collisionally couple their energy to the core electron population.
[18] The dominance of hot electrons as the source of ionization at Saturn has a very important implication with regard to the observed longitudinal density variations described by Gurnett et al. [2007] . Longitudinal variations in hot electron abundance at Jupiter has been described by Steffl et al. [2006 Steffl et al. [ , 2007 . If such a longitudinal variation exists at Saturn then we would expect an electron density modulation. Steffl et al. [2007] used a simple function to describe the azimuthal variation of hot electron fraction of the form
where a $ 0.4 is the amplitude of the System III variation in hot electron fraction, and f is the longitude at which the peak of the System III variation occurs. We have used the same value of a for our azimuthal Saturn model with f = 330°. Note that we do not consider the so-called drifting System IV hot electron population at Saturn. Figure 2 (left) shows electron and O + density as a function of magnetic longitude (a small fraction of O ++ , omitted from the plot, being responsible for the difference in charge density). Figure 2 (right) shows ion and core electron temperature as a function of longitude. The results are in excellent agreement with the observed electron density variations (see Figure 1) . The density should not be modulated by hot electrons at Jupiter since the thermal electrons at Jupiter dominate the ionization. We cannot speculate at this time why the so-called System III hot electron modulation would be nearly identical at Jupiter and Saturn, nor can we conclude whether Saturn also has a drifting System IV hot electron population.
Conclusions
[19] We summarize our finding by comparing the role of hot electrons at Saturn and Jupiter.
[20] 1. Hot electrons are the dominant source of ionization at Saturn while the thermal electrons dominate ionization at Jupiter. [21] 2. Hot electrons provide $5% of the energy input into Saturn's inner magnetosphere. The remaining energy input is dominated by charge exchange. Hot electron ionization is less important at Jupiter given that the warmer thermal electrons (i.e., 5 eV) generate most of the ionization, but hot electrons can be the dominant source of energy to the Io plasma torus.
[22] 3. Hot electrons can explain the longitudinal variations observed by Gurnett et al. [2007] if the abundance of hot electrons varies with longitude [Steffl et al., 2007] in the same way as at Jupiter.
